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SUMMARY 

The R&D program from the DOE Used Fuel Disposition Campaign (UFDC) has documented 

key advances in coupled Thermal-Hydrological-Mechanical-Chemical (THMC) modeling of 

clay to simulate its complex dynamic behavior in response to thermal and hydrochemical 

feedbacks. These efforts have been harnessed to assess the isolation performance of heat-

generating nuclear waste in a deep geological repository in clay/shale/argillaceous rock 

formations.  This report describes the ongoing disposal R&D efforts on the advancement and 

refinement of coupled THMC process models, hydrothermal experiments on barrier clay 

interactions, used fuel and canister material degradation, thermodynamic database development, 

and reactive transport modeling of the near-field under non-isothermal conditions.  These play an 

important role to the evaluation of sacrificial zones as part of the EBS exposure to thermally-

driven chemical and transport processes.  Thermal inducement of chemical interactions at EBS 

domains enhances mineral dissolution/precipitation but also generates mineralogical changes that 

result in mineral H2O uptake/removal (hydration/dehydration reactions).  These processes can 

result in volume changes that can affect the interface / bulk phase porosities and the mechanical 

(stress) state of the bentonite barrier.  Characterization studies on bentonite barrier samples from 

the FEBEX-DP international activity have provided important insight on clay barrier 

microstructures (e.g., microcracks) and interactions at EBS interfaces.  Enhancements to the used 

fuel degradation model outlines the need to include the effects of canister corrosion due the 

strong influence of H2 generation on the source term.   

As in previous deliverables, this report is structured according to various national laboratory 

contributions describing R&D activities applicable to clay/shale/argillite media.  These activities 

are summarized as follows: 

¶ Evaluation of Used Fuel Disposition in Clay-Bearing Rock: Reactive-Transport 

Modeling of the Near Field Environment ï SNL (Part I)  

o Non-isothermal 1D reactive-transport modeling of the EBS using PFLOTRAN 

simulation code. 

Á The thermally-driven phase transformation reaction gypsum Ą anhydrite 

(hydration/dehydration), in addition to dissolution/precipitation reactions, 

is captured by the reactive-transport model even with a fast temperature 

increase during the thermal pulse. 

Á Gypsum Ą anhydrite phase transformation can generate volume 

differences of ~60% that could translate into porosity increases in the EBS 

bulk regions and at interfaces. 

Á As exemplified by the Ca-SO4-H2O system, pore solution chemistry and 

temperature are key factors in determining the alteration mineral 

assemblage. For example, the formation of ettringite from cement 

alteration and reaction with Ca-SO4 components in the pore solution. 
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o International collaborations: FEBEX-DP chemical and micro-CT characterization 

work: 

Á Micro-CT imaging reveals the wide occurrence of microcracks in 

bentonite as a result of dehydration and shrinkage. Microcracks can 

influence moisture transport and clay swelling. 

Á FEBEX-DP samples in contact with the heater surface appears to produce 

unidentified Al-silicates with detectable amounts of K and Fe. Further 

work is needed on the characterization of these phases.   

Á The application of scanning characterization techniques such as micro-

XRF and SEM/EDS/BSEI to the compositional characterization of the 

shotcrete ï bentonite interface suggests that much of the reaction appears 

to be confined to the shotcrete phase and little or no alteration was 

experienced by bentonite.  

¶ Argillite Disposal R&D at LBNL  (Part II)  

o International Collaboration Activities: THM and Heater Test Modeling. 

Á Successful completion of DECOVALEX-2015 modeling associated with 

the Mont Terri HE-E experiment and Horonobe EBS experiment. 

Á Analysis of field data from the largest ongoing underground heater test in 

the world: Mont Terri FE experiment. 

Á Improvement of the implementation and efficiency of the Barcelona 

Expansive Model (BExM) in TOUGH-FLAC as well as the interpretative 

modeling of field data from URL heater experiments. 

o Investigation of the Impacts of High Temperature Limits with THMC modeling: 

Á THMC model utilize dual structure Barcelona Expansive Clay Model 

(BExM) to link mechanical process with chemistry, allowing us to 

simultaneously incorporate the effects of exchangeable cations, ionic 

strength of pore water and abundance of swelling clay on the swelling 

stress of bentonite. 

Á Corrosion of steel canister was considered in the chemical model to 

evaluate whether the iron-bentonite interaction would aggravate the 

negative impact on swelling stress through the formation of Fe bearing 

clay minerals. 

Á The chemical changes as a whole reduce both total stress and effective/net 

stress in the bentonite buffer except the positions near the confinement 

rocks in the ñhigh Tò cases.  

o Evolution of Bentonite in FEBEX-DP Coupled THMC Modeling: 

Á THMC model outperformed the THC model in terms of matching 

measured THM data. Permeability and porosity changes due to 

mechanical process (swelling) were the key to matching all the THM data. 
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Á The THMC model using complex double structure BExM (THMC-BExM) 

did not outperform the THMC model using linear swelling model 

(THMC-LS) in terms of matching the measured data. 

Á THMC models successfully matched the THM data, however, they failed 

to match the measured concentration profile of conservative species 

(chloride). 

Á A series of synchrotron X-ray microCT (SXR-ɛCT) examination of the 

microstructure of bentonite samples from FEBEX-DP project at the 

Grimsel site. SXR-ɛCT imaging was conducted for a sample in the ñas isò 

(i.e., as received) and heated states. Heating completely modified the 

microstructure of the material, generating a pervasive network of 

fractures. 

o Discrete Fracture Network (DFN) Approach for THM Damage Modeling in 

Argillaceous Rock: 

Á An effective coupling between the TOUGH2 and the RBSN approach has 

been implemented and applied to hydraulic fracturing simulations.  

Á Continued work on modeling damage and deformation in anisotropic rock 

and around tunnels, but have also made substantial effort in simulation of 

fluid driven fracture propagation. 

Á Current TOUGH-RBSN model is capable of modeling tightly coupled HM 

processes and the RBSN approach for mechanical anisotropy in elastic and 

fracture responses.  

o Experimental studies of Engineered Barrier Systems conducted at LANL  

(Part III)  

Á Experimental work focus: Opalinus wall rock interactions with EBS 

backfill, copper alteration and corrosion rates, steel/bentonite interface 

phase reactions. 

Á Opalinus Clay upon heating develops wairakite along cracks and edges. 

Mine run bentonite contains clinoptilolite, and transforms to analcime at 

higher temperature, releasing both SiO2 and water. 

Á Pit corrosion is the driving force in copper degradation. Copper reacts with 

H2S (aq, g) to produce chalcocite and covellite. At latter times in the 

reaction pathway, Cl may combine with copper to produce atacamite. 

Á Systematic measurements (N>850) of copper corrosion cross sections 

have estimated corrosion reaction rates at experimental temperatures and 

pressures: At 6 weeks duration, corrosion rates ranged from 0.12 to 0.39 

micron/day. However, in the 6 months experiment, the corrosion rate 

dropped by an order of magnitude, to 0.024 micron/day. We believe that 

complete coverage by the reaction product chalcocite pacifies the 

corrosion reaction. 
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Á The interface between bentonite and steel develops a well characterized 

Fe-saponite (particularly at 300°C), that grows perpendicular to the steel 

surface. Pit corrosion of low carbon steel was common and resulted in a 

corrosion rate of 1083 µm/yr.  

¶ Update to Thermodynamic Database Development and Sorption Database 

Integration ï LLNL & SNL (Part IV)   

o Progress on the assessment of thermodynamic and sorption data:  

Á A manuscript describing the evaluation of a thermodynamic data using 

concept of ñlinksò to the chemical elements in their reference forms has 

been finally resubmitted to Geochimica et Cosmochimica Acta after 

responding to reviewer comments.  This work has been carried in 

collaboration between LLNL and SNL. 

Á A second manuscript, ñChemical Thermodynamic Data. II. Water in 
SUPCRT92 and Similar Codes: Thermochemical Properties in Relation to 

Equations of Stateò was recently submitted to Computers & Geosciences.  

Á The coupling of the PHREEQC computer code with the parameter 

estimation / optimization software PEST was tested to fit U(VI) -quartz 

sorption dataset. Resulting fits are comparable with previous LLNL work 

efforts therefore providing a robust path forward for surface complexation 

database development. 

Á Ongoing NEA TDB project activities include upcoming releases and/or 

ongoing review activities of chemical thermodynamic data: Ancillary data 

review, Fe ï Part II review, Mo review, State-of-the-Art report (SOAR) on 

cements, SOAR Pitzer, Update Actinides review.  

¶ Fuel Matrix Degradation Model:  Canister Corrosion and the Effect of Hydrogen on 

Used Fuel Degradation Rates ï ANL (Part V) 

Á Formulated, coded and tested an electrochemical steel corrosion module 

that couples in-package steel corrosion with fuel degradation through the 

common solution. 

Á Updated and optimized FMDM to improve the efficiency of integration 

with the GDSA PA model.  

Á Performed scoping electrochemical tests to build confidence in modeling 

the H2 effect mechanism which has a significant impact on source term 

calculations when in-package steel components are corroding 

simultaneously with used fuel. 
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¶ Addition of Bromide to Radiolysis Model Formulation for Integration with the 

Mixed Potential Model ï PNNL (Part VI)  

Á Update on the radiolysis model for calculating radiolytic generation of 

H2O2 with known concentration of H2, O2 and Br-. 

Á The radiolysis model is capable of accounting for the effects of bromide 

and the dependence on H2. Comparisons between the full and the 

empirical radiolysis models were conducted to evaluate differences 

between these model representations.  

Overall Future Perspectives: 

¶ Expand integration of process model work with GDSA PA for case scenarios relevant to 

disposal in argillite in the presence of heat-generating waste.  

¶ Expand non-isothermal reactive transport modeling of near-field chemical interactions to 

temperatures relevant to disposal concepts of interest in the assessment of thermal limits 

and the extent of sacrificial zones. This includes experimental and modeling efforts 

contributing to the elucidation of key processes affecting the fate and performance of 

barrier materials at elevated temperatures.  

¶ Continue development and testing of coupled-process model representations of near-field 

chemical interactions, mechanical, and transport in barrier materials.  Programmatic 

engagements and collaborations with international R&D activities (e.g., URL heater 

tests) in repository sciences are an integral part of these efforts.   

¶ Development of a waste canister degradation plus other materials exerting important 

effects on EBS interfaces. This activity will leverage on the above-mentioned 

international collaborations particularly on the aspect of steel ï bentonite interactions 

(e.g., FEBEX-DP) and sample characterization studies. 

¶ Expand coupling of source term models (radiolysis and FMDM) that include the effects 

of waste package degradation and the presence aqueous species (e.g., Br-).  This is guided 

by the further integration of these models with GDSA-PA.  

 

  



 

x 

 

 

TABLE OF CONTENTS 

AKNOWLEDGEMENTS ...................................................................................................................... iv 

SUMMARY ............................................................................................................................................ v 

ACRONYMS ................................................................................................................................... xxviii  

Evaluation of Used Fuel Disposition in Clay-Bearing Rock: Reactive 

Transport and Barrier Interactions in the Near Field Environment - 

SNL (Part I)  

1. Evaluation of Used Fuel Disposition in Clay-Bearing Rock: Non-Isothermal Reactive-

Transport Modeling of the Near Field Environment ....................................................................... 2 

1.1 Introduction ......................................................................................................................... 2 

2. Reactive Transport in the Near-Field Environment ........................................................................ 3 

2.1 1D Reactive-Transport Model Description of the EBS ......................................................... 4 

2.2 Results and Discussion ...................................................................................................... 10 

Observations from FEBEX-DP Heater Test Samples ......................................................... 15 

3. Canister Corrosion and Fe ï Clay Interactions ............................................................................. 18 

4. Concluding Remarks ................................................................................................................... 20 

4.1 Proposed Research Outlook for FY17 ................................................................................ 22 

5. References ................................................................................................................................... 24 

1. Introduction ................................................................................................................................. 32 

Argillite Disposal R&D at LBNL (Part II)  

2. THM Modeling: FE Heater Test and DECOVALEX ................................................................... 34 

2.1 Modeling Approach ........................................................................................................... 35 

2.2 Improvement and Validation of BExM in TOUGH-FLAC ................................................. 39 

2.3 Modeling of Mont Terri HE-E Experiment (DECOVALEX-2015)..................................... 56 

2.3.6 Longer-Term Modeling of the HE-E experiment ................................................... 79 

2.3.7 Concluding remarks on Mont Terri HE-E modeling .................................................. 80 

2.4 Honorobe EBS Experiment (DECOVALEX-2015) ............................................................ 81 

2.5 FE Experiment at the Mont Terri Site (Mont Terri Project) ................................................ 93 

2.6 Summary and Status of THM and Heater Test Modeling ................................................. 102 

2.7 Future Work .................................................................................................................... 103 



 

xi 

 

2.8 References ....................................................................................................................... 104 

3. Investigation of the Impacts of High Temperature Limits With THMC Modeling ...................... 108 

3.1 Introduction ..................................................................................................................... 108 

3.2 Model Development ........................................................................................................ 109 

3.2.1 Simulator ............................................................................................................ 109 

3.2.2 Mechanical Model .............................................................................................. 113 

3.3.1 Key Findings from Previous Models Using Extended Linear Elastic Model......... 124 

3.3.3 THMC results with the dual-structure model ....................................................... 134 

3.4 Conclusions ..................................................................................................................... 144 

3.4.1 Summary of current modeling work .................................................................... 144 

3.4.2 Future Work ....................................................................................................... 145 

3.5 References ....................................................................................................................... 146 

4. Understanding the THMC Evolution of Bentonite in FEBEX-DP Coupled THMC 

Modeling and Examination of the Structure of Bentonite ........................................................... 151 

4.1 Introduction ..................................................................................................................... 151 

4.2 A Brief Description of FEBEX Experiments .................................................................... 151 

4.3 Model Development ........................................................................................................ 157 

4.3.2 Modeling Setup................................................................................................... 158 

4.3.3 The TH model..................................................................................................... 158 

4.3.4 Mechanical Model .............................................................................................. 162 

4.3.5 Chemical Model ................................................................................................. 164 

4.4 Model Results ................................................................................................................. 169 

4.4.1 THMC model using linear swelling model .......................................................... 170 

4.4.2 THMC model using BExM ................................................................................. 186 

4.4.3 Effect of permeability change on chloride concentration ...................................... 194 

4.5 Quantitative characterization of the fracture network in the FEBEX samples via 

Synchrotron X-ray Micro-CT .......................................................................................... 200 

4.5.1 Introduction ........................................................................................................ 200 

4.5.2 The technique ..................................................................................................... 201 

4.5.3 Sample selection and preparation ........................................................................ 202 

4.5.4 Analysis strategy ................................................................................................. 203 

4.5.5 Results ................................................................................................................ 204 

4.6 Summary and Future Work .............................................................................................. 213 

4.6.1 Coupled THMC Modeling of FEBEX in situ Test ............................................... 213 



 

xii  

 

4.6.2 Quantitative characterization of the fracture network in the FEBEX samples ....... 214 

4.7 References ....................................................................................................................... 217 

5. Discrete Fracture Network (DFN) Approach for THM Damage Modeling in Argillaceous 

Rock ......................................................................................................................................... 221 

5.1 Methodology ................................................................................................................... 222 

5.1.1 Model discretization............................................................................................ 222 

5.1.2 Hydrological and mechanical coupling in TOUGH-RBSN .................................. 224 

5.1.3 Implementation of Mechanical Anisotropy in the RBSN Models ......................... 226 

5.2 Hydraulic Fracturing in Rock-Analogue Samples ............................................................ 230 

5.2.1 Model Description .............................................................................................. 230 

5.2.2 Hydraulic Fracture Fropagation in Intact glass Blocks ......................................... 231 

5.2.3 Hydraulic Fracture Propagation in a Glass Block Containing Pre-Existing 

Fractures ............................................................................................................. 236 

5.3 Simulations of Damage and Fracture in Opalinus Clay Rocks .......................................... 237 

5.3.1 Uniaxial compression tests .................................................................................. 237 

5.3.2 EDZ Formations in the HG-A Microtunnel ......................................................... 239 

5.4 Development of Dynamic Simulation Code ..................................................................... 242 

5.5 Summary and Future Work .............................................................................................. 243 

5.6 References ....................................................................................................................... 246 

6. Summary ................................................................................................................................... 248 

7. Acknowledgents ........................................................................................................................ 253 

Experimental studies of Engineered Barrier Systems conducted at 

LANL  (Part III)  

1. Introduction ............................................................................................................................... 255 

1.1 Background ..................................................................................................................... 255 

1.2 Methods .......................................................................................................................... 257 

2. Results ...................................................................................................................................... 257 

2.1 EBS 18 Experiment ......................................................................................................... 257 

2.2 Copper Corrosion. ........................................................................................................... 258 

2.2.1 Copper Reaction with Bentonite .......................................................................... 258 

2.2.2 Copper Corrosion ................................................................................................ 258 

2.3 Steel /Bentonite Interface Mineralogy .............................................................................. 259 

3 Discussion ................................................................................................................................. 261 



 

xiii  

 

3.1 EBS 18 Experiment ............................................................................................................. 261 

3.2 Copper Corrosion ............................................................................................................ 262 

3.2.1 Copper interactions ................................................................................................. 262 

3.2.2  Corrosion Rates ..................................................................................................... 264 

3.2.3 Factors Influencing Corrosion ............................................................................. 265 

3.3 Steel /Bentonite Interface Mineralogy .............................................................................. 266 

4 Conclusions ............................................................................................................................... 267 

5 Acknowledgements ................................................................................................................... 268 

6 References ................................................................................................................................. 269 

Update to Thermodynamic Database Development and Sorption Database 

Integration - LLNL & SNL (Part IV)  

1. Introduction ..................................................................................................................................... 275 

2. Thermodynamic Database Development .......................................................................................... 276 

3.  Surface Complexation and Ion Exchange Model and Database Development .................................. 278 

4.  Nuclear Energy Agency Thermodynamic Database Development ................................................... 281 

5. Planned FY17 Efforts ...................................................................................................................... 283 

6. Acknowledgments ........................................................................................................................... 284 

7. References ....................................................................................................................................... 285 

Fuel Matrix Degradation Model: Canister Corrosion and the Effect of 

Hydrogen on Used Fuel Degradation Rates - ANL (Part V) 

1. Introduction and Objective ........................................................................................................ 287 

2. FY-2016 Extention of the Fuel Matrix Degredation Model: Electrochemical Steel 

Corrosion Module ..................................................................................................................... 290 

3. Results From Test Runs of FMDM with Steel Corrosion Module as the Source of 

Hydrogen .................................................................................................................................. 296 

4. Integration of FMDM With the Generic Disposal System Analysis Performance Assesment 

(GDSA-PA) Model ................................................................................................................... 302 

5. Results from Scoping Experiments on Poisoning Catalytic Activity of Noble Metal 

Particles .................................................................................................................................... 306 

6. Conclusions and Recommendations for Future Work ................................................................. 310 



 

xiv 

 

7. References ................................................................................................................................. 312 

Addition of Bromide to Radiolysis Model Formulation for Integration 

with the Mixed Potential Model - PNNL (Part VI)  

1. Introduction ............................................................................................................................... 315 

2. Radiolysis Model for Use in Used Fuel Oxidation ..................................................................... 315 

2.1 Model Coupling Definition .............................................................................................. 315 

2.2 Future Work .................................................................................................................... 320 

3. References ................................................................................................................................. 321 

Appendix A ......................................................................................................................................... 323 

Methods and mineral characterization ........................................................................................ 323 

a. Experimental Setup ......................................................................................................... 324 

b. Mineral Characterization ................................................................................................. 324 

c. Aqueous Geochemical Analyses ...................................................................................... 325 

Appendix B ......................................................................................................................................... 327 

Water Chemistry ....................................................................................................................... 327 

Sample EBS-18 ......................................................................................................................... 327 

Appendix C ......................................................................................................................................... 335 

X-Ray Powder Diffraction Data ................................................................................................. 335 

Appendix D ......................................................................................................................................... 339 

Electron Microprobe data .......................................................................................................... 339 

Appendix E ......................................................................................................................................... 350 

SEM images EBS-18 ................................................................................................................. 350 

Appendix F ......................................................................................................................................... 370 

Miscellaneous tables .................................................................................................................. 370 

Appendix G ......................................................................................................................................... 372 

Reaction Listing for Full RM ..................................................................................................... 372 

Appendix H ......................................................................................................................................... 376 

FORTRAN Listing for Empirical RM ........................................................................................ 376 

  



 

xv 

 

TABLE OF FIGURES 

Evaluation of Used Fuel Disposition in Clay-Bearing Rock: Reactive 

Transport and Barrier Interactions in the Near Field Environment ï 

SNL (Part I)  

Figure 1.  Schematic representation of the stratigraphy and repository footprint dimensions 

considered for the reference case for disposal in clay/shale/argillite rock .................................. 3 

Figure 2.  Schematic representation and dimensional characteristics of the 1D reactive-transport ............. 8 

Figure 3.  Profile of temperature vs. time (up to 1,000 years) for the reactive transport 

calculations of the multi-layered EBS .................................................................................... 11 

Figure 4.  Ca++ and SO4
-- concentration profiles as a function of time for various regions ....................... 12 

Figure 5.  Profile of porosity vs. time of the reactive transport calculations for the multi-layered 

EBS at the identified observation points ................................................................................. 13 

Figure 6.  Volume fraction of gypsum, anhydrite, portlandite, and attringite at different time 

ranges. ................................................................................................................................... 14 

Figure 7.  BSEI with Ca element profile line scan retrieved from X-ray map of the shotcrete-

bentonite interface region.  The horizontal red dashed-line in the BSEI is an 

approximate position of the line scan. .................................................................................... 15 

Figure 8.  Micro-XRF maps for Ca and S at the shotcrete-bentonite interface.  An apparent 

depletion zone close to the shotcrete-bentonite interface is delineated by red-dashed 

lines. ...................................................................................................................................... 16 

Figure 9. 3D rendered volume of X-ray CT image data for sample C-C-32-6 at the shotcrete-

bentonite interface region ....................................................................................................... 17 

Figure 10.  Sample set BM-D-49-(1,2,3) in close contact with perforated steel mesh liner 

surrounding heater assembly .................................................................................................. 19 

Figure 11.  Chronological evolution of Thermal-Chemical processes in a shale/argillite repository 

(modified after Jové Colón et al., 2014) ................................................................................. 23 

Argillite Disposal R&D at LBNL (Part II)  

Figure 2.1. Schematic of linking of TOUGH2 and FLAC3D in a coupled TOUGH-FLAC 

simulation. ............................................................................................................................. 36 

Figure 2.2. Numerical procedure of a linked TOUGH2 and FLAC3D simulation with subscript k 

signifying time step. ............................................................................................................... 37 

Figure 2.3. Pore size distribution and schematic representation of the two structural levels 

considered in the dual structure model. Clay particles are represented by the gray lines 

(Vilarrasa et al., 2015). .......................................................................................................... 38 

Figure 2.4. BBM constitutive model showing the yield surface in q-p-s space. ....................................... 40 

Figure 2.5. Observed (Romero, 1999) and computed stress path in the Ɑ○ï▼ plane. LC_A (LC_D) 

represents the loading-collapse yield surface corresponding to the stress state at point A 

(point D) (calculated by FLAC3D) ......................................................................................... 44 

Figure 2.6. Evolution of the hardening parameter, ▬ ,z in the simulation. ............................................. 45 

Figure 2.7. Evolution of the █╬ and █▼ interaction functions .................................................................. 45 



 

xvi 

 

Figure 2.8. Observed and computed results of cyclic suction loading test with Ɑ○ Ȣ  MPa.. .......... 48 

Figure 2.9. Observed and computed results of cyclic suction loading test with Ɑ○ Ȣ MPa. ............. 49 

Figure 2.10. Schematic layout of the high-suction oedometer used in the CIEMAT laboratory 

(Esteban, 1990) ...................................................................................................................... 50 

Figure 2.11. Stress paths of tests (a) S5 and (b) S1 from Lloret et al.(2003). ........................................... 51 

Figure 2.12. Experimental results and computed variation of void ratio for tests S1 and S5. ................... 52 

Figure 2.13. Evolution of computed microstructural and macrostructural void ratio for test S5. .............. 53 

Figure 2.14. Interaction functions involved in the various stages of test S5. ............................................ 53 

Figure 2.15. Evolution of hardening parameter ▬  zfor tests S1 and S5................................................. 54 

Figure 2.16. Evolution of computed microstructural and microstructural void ratio for test S1. .............. 55 

Figure 2.17. Interaction involved in the various stages of test S1. ........................................................... 55 

Figure 2.18. (a) Schematic setup of HE-E experiment at Mont Terri and (b) photo of micro-tunnel 

( Garitte, 2012). ..................................................................................................................... 57 

Figure 2.19. Layout of the HE-D experiment including .......................................................................... 59 

Figure 2.20. TOUGH-FLAC model for the analysis of coupled THM processes at the HE-D 

experiment ............................................................................................................................. 60 

Figure 2.21. Comparison of simulated and measured temperature and pressure at two monitoring 

points (B15 and B16) and strain at a location close to the heater. ............................................ 62 

Figure 2.22.Comparison of measurements and model results of for the temperature evolution over 

time ....................................................................................................................................... 63 

Figure 2.23. Experiment layout of the CIEMAT column test, dimensions given in mm (Garitte, 

2016). .................................................................................................................................... 64 

Figure 2.24. Model mesh and the materials represented in the model at different steps for column 

experiment on bentonite pellets. ............................................................................................. 65 

Figure 2.25. Simulated and measured elative humidity and temperature at 10, 22, and 40 cm from 

the heater. .............................................................................................................................. 66 

Figure 2.27. Vertical measured and modelled profiles for temperature at 5000 hours and relative 

humidity after 5000 and 10000 hours. .................................................................................... 68 

Figure 2.28. TOUGH-FLAC 3D model of the Mont Terri HE-E experiment. ......................................... 69 

Figure 2.29. Vertical cross-section through the model grid. .................................................................... 69 

Figure 2.30. Steps for modeling the Mont Terri HE-E experiment. (RH= relative humidity, Pc = 

capillarity pressure) ............................................................................................................... 71 

Figure 2.31. Calculated evolution of liquid saturation and temperature. .................................................. 72 

Figure 2.32. Calculated evolution of liquid saturation relative humidity and temperature at 

monitoring points in the granular bentonite (above heater) and bentonite blocks. .................... 73 

Figure 2.33. Comparison of predicted and measured evolutions of liquid saturation relative 

humidity and temperature. ..................................................................................................... 73 

Figure 2.34. Comparison of predicted and measured evolutions of pore pressure in Opalinus Clay 

at a various distances from the tunnel. .................................................................................... 74 



 

xvii  

 

Figure 2.35. Comparison of predicted (lines) and measured (symbols) evolutions of temperature 

and relative humidity at points located 10 cm and 7 cm for eight modeling teams within 

the DECOVALEX-2015 project............................................................................................. 75 

Figure 2.36. Comparison of predicted and measured evolutions of temperature and relative 

humidity at points located 25 cm and 17 cm for 8 modeling teams within the 

DECOVALEX-2015 project. ................................................................................................. 76 

Figure 2.37. Comparison of calculated and measured evolutions of (a) liquid saturation relative 

humidity and temperature after interpretative modeling. ......................................................... 77 

Figure 2.38. Comparison of calculated and measured evolutions of liquid saturation relative 

humidity and temperature after interpretative modeling at top and bottom of buffer. ............... 78 

Figure 2.39. Comparison of modeled and measured evolutions of pore pressure in Opalinus Clay 

at a various distances from the tunnel after interpretative modeling. ....................................... 79 

Figure 2.40. Calculated long-term evolution of liquid saturation and temperature. .................................. 79 

Figure 2.41. Calculated long-term evolution of pore pressure in the Opalinus Clay host rock. ................ 80 

Figure 2.42. Layout of the Horonobe URL in Hokkaido, Japan (Sugita et al., 2016). .............................. 82 

Figure 2.43. General description of the EBS experiment at the Horonobe URL Project in Japan 

(Sugita et al., 2016). ............................................................................................................... 83 

Figure 2.44. Early time monitored fluid pressure in the test pit and temperature evolution at three 

points located on the heater surface. ....................................................................................... 85 

Figure 2.45. TOUGH-FLAC 3D numerical grid of the Horonobe EBS experiment. ................................ 88 

Figure 2.46. Predicted and measured temperature evolution at three monitoring points in the 

buffer and map view and vertical cross-section of the test pit with the locations of the 

monitoring points. .................................................................................................................. 89 

Figure 2.47. Predicted and measured stress evolution at four monitoring points in the buffer and 

map view and vertical cross-section of the test pit with the locations of the monitoring 

points ..................................................................................................................................... 90 

Figure 2.48. Simulated evolution of temperature and stress evolution in the buffer for five 

DECOVALEX-2015 modeling teams with comparison to measured data during the 

first 75 days of heating (modified from Sugita et al., 2016). ................................................... 91 

Figure 2.49. Measured buffer stress and temperature evolution indicating thermal and moisture 

swelling effects on the stress evolution (modified from Sugita et al., 2016). ........................... 92 

Figure 2.50. Interpretative model simulation of radial buffer stress showing in the results of two 

different simulations with different parameters for thermal expansion and moisture 

swelling that can each provide a good match to measured data with the approximate 

locations shown in on a plane view of the buffer (field data from Sugita et al., 2016). ............ 92 

Figure 2.51. Images from the construction and installation of heaters, bentonite buffer and plugs 

from NAGRA daily reports by Herwig Müller, NAGRA on FE experiment progress 

during its construction. ........................................................................................................... 94 

Figure 2.52. Plan view of FE experiment setup and borehole layout. ...................................................... 95 

Figure 2.53. TOUGH-FLAC 3D numerical grid of the FE experiment.. ................................................. 97 

Figure 2.54. Comparison of modeled and measured evolutions of temperature at monitoring point 

located in granular bentonite and bentonite blocks. ................................................................. 99 



 

xviii  

 

Figure 2.55. Comparison of modeled and measured evolutions of relative humidity at monitoring 

point located in granular bentonite and bentonite blocks for a diffusion tortuosity factor 

of 0.14. ................................................................................................................................ 100 

Figure 2.56. Comparison of modeled and measured evolutions of relative humidity at monitoring 

point located in granular bentonite and bentonite blocks for a diffusion tortuosity factor 

of 1.0 showing the sensitivity to this parameter. ................................................................... 101 

Figure 3.1.The coupling scheme for TOUGHREACT-FLAC3D. ......................................................... 111 

Figure 3.2. Domain for the test example of a bentonite back-filled horizontal emplacement drift at 

500 m (Rutqvist et al 2013) .................................................................................................. 112 

Figure 3.3. Swelling pressure versus mass fraction of smectite for various bentonites........................... 115 

Figure 3.4. The temporal evolution of smectite volume fraction at points A, B, C, and D for the 

ñhigh Tò and ñlow Tò cases, and a simulation that assumes no heat release from the 

waster package..................................................................................................................... 126 

Figure 3.5. The temporal evolution of smectite volume fraction at points A and B for Kunigel and 

FEBEX bentonite. ................................................................................................................ 126 

Figure 3.6. The temporal evolution of K-feldspar volume fraction at points A, B, C, and D in the 

base case with Kunigel bentonite and a sensitivity case with FEBEX bentonite. ................... 127 

Figure 3.7. Simulation results of swelling stress at point A for the ñlow Tò and ñhigh Tò scenarios 

for Kunigel-VI bentonite (Zheng et al., 2015), respectively. ................................................. 128 

Figure 3.8. Simulation results of the corrosion of steel canister for the ñlow Tò and ñhigh Tò 

scenarios for FEBEX bentonite. ........................................................................................... 130 

Figure 3.9. Simulated volume fraction change of magnetite, Fe(OH)3(s) and Fe(OH)2 for ion for 

the ñlow Tò (right) and ñhigh Tò scenarios (left) for FEBEX bentonite. ................................ 131 

Figure 3.10. Simulated volume fraction change of goethite at point A and B for the ñlow Tò and 

ñhigh Tò scenarios for FEBEX bentonite. ............................................................................. 131 

Figure 3.11. Simulated volume fraction change of chlorite at point A and B for the ñlow Tò and 

ñhigh Tò scenarios for FEBEX bentonite, with Fe-bentonite interaction and without Fe-

bentonite interaction (Zheng et al., 2015). ............................................................................ 133 

Figure 3.12. Simulated volume fraction change of smectite at point A and B for the ñlow Tò and 

ñhigh Tò scenarios for FEBEX bentonite, with Fe-bentonite interaction and without Fe-

bentonite interaction (Zheng et al., 2015). ............................................................................ 133 

Figure 3.13. Simulation results of temperature evolution at point A and B with FEBEX bentonite 

for the ñlow Tò and ñhigh Tò scenarios, respectively. ........................................................... 135 

Figure 3.14. Simulation results of liquid saturation at point A and B with FEBEX bentonite for 

the ñlow Tò and ñhigh Tò scenarios, respectively. ................................................................ 136 

Figure 3.15. Simulation results of pore pressure at point A and B with FEBEX bentonite for the 

ñlow Tò and ñhigh Tò scenarios, respectively. ...................................................................... 136 

Figure 3.16. Simulation results of mean total stress at point A with FEBEX bentonite for the ñlow 

Tò and ñhigh Tò scenarios, respectively. .............................................................................. 137 

Figure 3.17. Simulation results of mean total stress at point B with FEBEX bentonite for the ñlow 

Tò and ñhigh Tò scenarios, respectively. .............................................................................. 137 



 

xix 

 

Figure 3.18. Simulation results of mean effective/net stress at point with FEBEX bentonite for the 

ñlow Tò and ñhigh Tò scenarios, respectively. ...................................................................... 138 

Figure 3.19. Simulation results of mean effective/net stress at point B with FEBEX bentonite for 

the ñlow Tò and ñhigh Tò scenarios, respectively. ................................................................ 138 

Figure 3.20. The evolution of the volume fraction of smectite at points A and B with FEBEX 

bentonite for the ñlow Tò and ñhigh Tò scenarios, respectively. ............................................ 139 

Figure 3.21. Simulation results of the evolution of ♫□ at points A and B with FEBEX bentonite 

for the ñlow Tò and ñhigh Tò scenarios, respectively. ........................................................... 140 

Figure 3.22. Simulation results of the osmotic suction at points A and B with FEBEX bentonite 

for the ñlow Tò and ñhigh Tò scenarios, respectively. ........................................................... 140 

Figure 3.23. Simulation results of mean total stress at point A with FEBEX bentonite for the 

ñhigh Tò scenarios. Different C-M couplings are considered and computed. ......................... 141 

Figure 3.24. Simulation results of mean total stress at point A with FEBEX bentonite for the ñlow 

Tò scenarios. Different C-M couplings are considered and computed. .................................. 141 

Figure 3.25. Simulation results of mean total stress at point B with FEBEX bentonite for the ñlow 

Tò scenarios. Different C-M couplings are considered and computed. .................................. 142 

Figure 3.26. Simulation results of mean total stress at point B with FEBEX bentonite for the 

ñhigh Tò scenarios. Different C-M couplings are considered and computed. ......................... 143 

Figure 3.27.  Simulation results of mean total stress at point E with FEBEX bentonite for the 

ñhigh Tò scenarios. Different C-M couplings are considered and computed. ......................... 144 

Figure 4.1. The operational stages of FEBEX in situ test (Vomvoris, personal communication). .......... 152 

Figure 4.2. The initial configuration of the FEBEX in situ test at the Grimsel underground 

laboratory (Switzerland) (ENRESA, 2000). .......................................................................... 153 

Figure 4.3. The geometry of clay barrier and the type of bentonite blocks with dimensions listed 

in Table 4.1 (ENRESA, 2000). ............................................................................................. 153 

Figure 4.4. Layout of the sampling sections during the dismantling of heater 1 in 2002. ....................... 154 

Figure 4.5. In situ test configuration following dismantling of heater 1 (Huertas et al., 2005) ............... 155 

Figure 4.6. Section layout during the dismantling operation of heater #2 (Detzner and Kober, 

2015) ................................................................................................................................... 156 

Figure 4.7. Spatial distribution of water content and degree of saturation at section 49 (see Figure 

4.5 for the position of section 49) (Villar, weekly email communication). ............................ 156 

Figure 4.8. Spatial distribution of degree of saturation (right) at section 37 (see Figure 4.5 for the 

position of section 37) (Villar, weekly email communication). ............................................. 157 

Figure 4.9. Mesh used for the model. ................................................................................................... 158 

Figure 4.10. Thermal conductivity of FEBEX bentonite as a function of degree of saturation 

(ENRESA, 2000) ................................................................................................................. 159 

Figure 4.11. Measured temperature by sensors located at a radial distance of 0.48 m in sections 

E2 and F2 and model results from the TH model and THMC model with linear 

swelling (THMC-LS). .......................................................................................................... 171 



 

xx 

 

Figure 4.12. Measured temperature by sensors located at a radial distance of 0.8 m in sections E2 

and F2 and model results from the TH model and THMC model with linear swelling 

(THMC-LS). ........................................................................................................................ 171 

Figure 4.13. Measured temperature by sensors located at a radial distance of 1.05 m in sections 

E2 and F2 and model results from the TH model and THMC model with linear 

swelling (THMC-LS). .......................................................................................................... 172 

Figure 4.14. Measured temperature by sensors located at a radial distance of 1.09 m in sections 

E2 and F2 and model results from the base TH model. ......................................................... 172 

Figure 4.15. Layout of the sampling sections for water content and dry density measurement 

during the dismantling of heater #1 in 2002 (Daucousse and Lloret, 2003). .......................... 173 

Figure 4.16. Measured water content data at sections 19, 28 and 29 (Zheng et al., 2011) and 

sections 22 and 27 (Daucousse and Lloret, 2003) after the dismantling of heater #1 

(ñdata 5.3 yrsò) and at section 49 after the dismantling of heater #2 (ñdata 18.3 yrsò) 

and model results from the TH model (Zheng et al., 2015b), THMC model with linear 

swelling (THMC-LS). .......................................................................................................... 174 

Figure 4.17. Measured dry density data at sections 22 and 27 (Daucousse and Lloret, 2003) after 

the dismantling of heater #1 (ñdata 5.3 yrsò) and at section 49 after the dismantling of 

heater #2 (ñdata 18.3 yrsò) and model results from THMC model with linear swelling 

(THMC-LS). ........................................................................................................................ 175 

Figure 4.18. Inferred porosity data at sections 22 and 27 (Daucousse and Lloret, 2003) after the 

dismantling of heater #1 (ñdata 5.3 yrsò) and at section 49 after the dismantling of 

heater #2 (ñdata 18.3 yrsò) and model results from THMC model with linear swelling 

(THMC-LS). ........................................................................................................................ 176 

Figure 4.19. Measured relative humidity by sensors located at a radial distance of 0.52 m in 

sections E2 and E1 and model results from the TH model (Zheng et al., 2015b), THMC 

model with linear swelling (THMC-LS) and a sensitivity run that is based on THMC-

LS but has a vapor diffusion coefficient that is 5 times lower. .............................................. 177 

Figure 4.20. Measured relative humidity by sensors located at a radial distance of ~0.8 m in 

sections E1, E2, F1 and F2 and model results from the TH model (Zheng et al., 2015b) 

and THMC model with linear swelling (THMC-LS). ........................................................... 177 

Figure 4.21. Measured relative humidity by sensors located at radial distance of ~1.05 m in 

section F2 and model results from the TH model (Zheng et al., 2015b) and THMC 

model with linear swelling (THMC-LS). .............................................................................. 178 

Figure 4.22. Measured relative humidity by sensors located at radial distance of ~1.1 m in 

sections E1, E2 and F1 and model results from the TH model (Zheng et al., 2015b) and 

THMC model with linear swelling (THMC-LS). .................................................................. 178 

Figure 4.23. Measured stress by sensors located at a radial distance of ~0.5 m in section E2 and 

THMC model with linear swelling (THMC-LS). .................................................................. 179 

Figure 4.24. Measured stress by sensors located at radial distance of ~1.1 m in sections E2 and F2 

and THMC model with linear swelling (THMC-LS). ........................................................... 179 

Figure 4.25. The concentration profile of chloride at 5.3 years (Zheng et al., 2011) and model 

results from the THC model (Zheng at al., 2015b) and THMC model with linear 

swelling (THMC-LS). .......................................................................................................... 181 



 

xxi 

 

Figure 4.26. The concentration profile of sodium at 5.3 years (Zheng et al., 2011) and model 

results from the THC model (Zheng at al., 2015b) and THMC model with linear 

swelling (THMC-LS). .......................................................................................................... 182 

Figure 4.27. The concentration profile of calcium at 5.3 years (Zheng et al., 2011) and model 

results from the THC model (Zheng at al., 2015b) and THMC model with linear 

swelling (THMC-LS). .......................................................................................................... 182 

Figure 4.28. The concentration profile of magnesium at 5.3 years (Zheng et al., 2011) and model 

results from the THC model (Zheng at al., 2015b) and THMC model with linear 

swelling (THMC-LS). .......................................................................................................... 183 

Figure 4.29. The concentration profile of potassium at 5.3 years (Zheng et al., 2011) and model 

results from the THC model (Zheng at al., 2015b) and THMC model with linear 

swelling (THMC-LS). .......................................................................................................... 184 

Figure 4.30. The concentration profile of sulfate at 1930 days (Zheng et al., 2011) and model 

results from the base model. ................................................................................................. 184 

Figure 4.31. The profile of pH at 1930 days (Zheng et al., 2011) and model results from the base 

model. ................................................................................................................................. 185 

Figure 4.32. The concentration profile of bicarbonate at 1930 days (Zheng et al., 2011) and model 

results from the base model. ................................................................................................. 186 

Figure 4.33. Schematic representation of the two structural levels considered in the dual structure 

BExM (Vilarrasa et al., 2015). ............................................................................................. 187 

Figure 4.34. Measured water content at 5.3 years (dismantling of heater #1) and 18.3 years 

(dismantling of heater #2) and model results by the THMC model using linear swelling 

(THMC-LS) and BExM (THMC-BExM). ............................................................................ 187 

Figure 4.35. Spatial distribution of intrinsic permeability at time zero, 5.3 years (dismantling of 

heater #1) and 18.3 years (dismantling of heater #2) calculated by the THMC model 

using linear swelling (THMC-LS) and BExM (THMC-BExM). ........................................... 188 

Figure 4.36. Measured porosity at 5.3 years (dismantling of heater #1) and 18.3 years 

(dismantling of heater #2) and calculated porosity by the THMC model using linear 

swelling (THMC-LS) and BExM (THMC-BExM). .............................................................. 188 

Figure 4.37. Measured dry density at 5.3 years (dismantling of heater #1) and 18.3 years 

(dismantling of heater #2) and model results by the THMC model using linear swelling 

(THMC-LS) and BExM (THMC-BExM). ............................................................................ 189 

Figure 4.38. Calculated temperature at the time that heater #2 was switched off (18.2 years) and 

dismantling was conducted (18.3 years). .............................................................................. 190 

Figure 4.39. Measured dry density at 18.3 years (dismantling of heater #2) and model results by 

the THMC model using linear swelling (THMC-LS) and BExM (THMC-BExM) at the 

time that heater #2 was switched off (18.2 years) and dismantling was conducted (18.3 

years). .................................................................................................................................. 190 

Figure 4.40. Measured relative humidity by sensors located at a radial distance of 0.52 m in 

sections E2 and E1 and model results from THMC model using linear swelling 

(THMC-LS) and BExM (THMC-BExM). ............................................................................ 191 

Figure 4.41. Measured relative humidity by sensors located at a radial distance of ~0.8 m in 

sections E1, E2, F1 and F2 and model results from THMC model using linear swelling 

(THMC-LS) and BExM (THMC-BExM). ............................................................................ 191 



 

xxii  

 

Figure 4.42. Measured relative humidity by sensors located at a radial distance of ~1.05 m in 

section F2 and model results from THMC model using linear swelling (THMC-LS) and 

BExM (THMC-BExM). ....................................................................................................... 192 

Figure 4.43. Measured relative humidity by sensors located at a radial distance of ~1.1 m in 

sections E1, E2 and F1 and model results from THMC model using linear swelling 

(THMC-LS) and BExM (THMC-BExM). ............................................................................ 192 

Figure 4.44. Measured stress by sensors located at radial distance of ~1.1 m in sections E2 and F2 

and THMC model with linear swelling (THMC-LS). ........................................................... 193 

Figure 4.45. Measured stress by sensors located at a radial distance of ~0.5 m in section E2 and 

THMC model with linear swelling (THMC-LS). .................................................................. 193 

Figure 4.46. The concentration profile of chloride at 5.3 years (Zheng et al., 2011) and model 

results from the THMC model with linear swelling (THMC-LS) and BExM (THMC-

BExM). ............................................................................................................................... 194 

Figure 4.47. The concentration profile of chloride at 5.3 years (Zheng et al., 2011) and model 

results from the THMC model with linear swelling (THMC-LS) and a sensitivity run in 

which the effective diffusion coefficient is 2E-10 m2/s. ........................................................ 195 

Figure 4.48. The concentration profile of chloride at 5.3 years (Zheng et al., 2011) and model 

results from the THMC model with linear swelling (THMC-LS) and sensitivity runs in 

which the exponent in the relative permeability functions are 4.4 and 1.1, respectively. ........ 196 

Figure 4.49. Intrinsic permeability as a function of total porosity (Villar, 2002) ................................... 197 

Figure 4.50. Intrinsic permeability as a function of dry density, which can be fitted with 

 (ENRESA, 2000). ........................................................................... 198 

Figure 4.51. Intrinsic permeability calculated from dry density data based on Equation 4.7 (ñdata 

inferred based on Villar, 2002) and based on the Equation 4.8 (data inferred based on 

ENRESA, 2000) and the computed permeabilities from THMC-LS and THMC-BExM. ....... 198 

Figure 4.52. The concentration profile of chloride at 5.3 years (Zheng et al., 2011) and model 

results from the THMC model with linear swelling (THMC-LS) and sensitivity runs 

(model B) using the Equation 4.9 for permeability change. ................................................... 199 

Figure 4.53. Measured water content at 5.3 years (dismantling of heater #1) and 18.3 years 

(dismantling of heater #2) and model results by the THMC model using linear swelling 

(THMC-LS) and Model B which is based on THMC-LS but using different function 

for permeability change. ...................................................................................................... 200 

Figure 4.54. Location of the different samples: the series from the section outside the heater 

(section 59, sampling points in blue), and the series from the section with the heater 

(section 48, with measured sampling points marked in green) are shown within the 

pattern of the bentonite blocks. ............................................................................................ 203 

Figure 4.55. Graphical results of the micro-CT analysis of two samples from section 48: BD-48-3 

(near the heater) and BD-48-7 (near the granite). .................................................................. 204 

Figure 4.56. Graphical results of the analysis of two samples from the section 59: BD-59-3 

sample (near the granite), BD-59-8 (half radius) and BD-59-15 (center). See Figure 

4.55 for more precise sample location information. .............................................................. 205 

Figure 4.57. Highlighting different features of the fracture network in a sample from BD-59-3. ........... 206 

Figure 4.58. Local Thickness (LT) frequency plots (in absolute values) for all the 15 samples. ............ 207 

57.896.2log --= dk r



 

xxiii  

 

Figure 4.59. LT frequency plots in a smaller interval for the two different sections separated. .............. 208 

Figure 4.60. Angular coefficients (average of the 3 measured for each point) of the linear 

regressions of the plots shown in Figure 4.58. ...................................................................... 209 

Figure 4.61. Sample from BD-59-3 before and after heating. A virtual cut of the sample is also 

shown to better appreciate the interior of the sample. ........................................................... 210 

Figure 4.62. Thin horizontal slice of the sample BD-59-3 after heating. A thicker volume of the 

LT labeled medial axes of the fractures has been superimposed to highlight the 

topological features of the fractures network. ....................................................................... 211 

Figure 4.63. Results from the high-resolution SXR-ɛCT measurement on sample BD-48-7. The 

voids have been highlighted in red. ...................................................................................... 212 

Figure 5.1. Fracture mapping and discretization within an unstructured Voronoi grid. .......................... 223 

Figure 5.2. Introduction of interface nodes and additional connections for flow through discrete 

fractures: a) original Voronoi cell nodes and connections; and b) insertion of interface 

nodes and connections. ........................................................................................................ 223 

Figure 5.3. Flow diagram of the TOUGH-RBSN coupling procedure. .................................................. 224 

Figure 5.4. Arrangements of the spring sets in the identical lattice structure, where the spring 

coefficients comply with transversely isotropic elastic properties. ........................................ 227 

Figure 5.5. a) components of spring force local coordinates; b) a set of nodal forces satisfying the 

equilibrium; and c) complete stress tensor at Voronoi cell node (Adopted from Yip et 

al., 2005). ............................................................................................................................ 228 

Figure 5.6. Weak-plane failure model with two different Mohr-Coulomb type criteria for intrinsic 

failure and weak failure. ....................................................................................................... 229 

Figure 5.7. Physical and numerical representations of complex pre-existing fractures. ......................... 230 

Figure 5.8. Injection pressure evolutions for hydraulic fracturing of intact glass blocks. ....................... 231 

Figure 5.9. Snapshots of the fracture traces and the pressure distributions during fracture 

propagation from the intact borehole. ................................................................................... 233 

Figure 5.10. Introduction of initial notches around the borehole. .......................................................... 234 

Figure 5.11. Snapshots of the fracture traces and the pressure distributions during fracture 

propagation from the notched borehole. ............................................................................... 235 

Figure 5.12. A comparison between the simulated fracture trace within the pre-existing fractures 

and the visualization of hydraulic fractures in the laboratory test. ......................................... 236 

Figure 5.13. 2D specimen for uniaxial compression test ....................................................................... 237 

Figure 5.14. Variation of elastic modulus of Opalinus Clay with different loading angles. .................... 238 

Figure 5.15. Variation of elastic modulus of Opalinus Clay with different loading angles. .................... 239 

Figure 5.16. Excavation damage viewing from the HG-A Niche towards back end (Marschall et 

al., 2006). ............................................................................................................................ 240 

Figure 5.17. Discretizations of the computational domain for the HG-A test simulations. ..................... 241 

Figure 5.18. Resulting failure patterns around the tunnel excavation zone. ........................................... 241 

 



 

xxiv 

 

Experimental studies of Engineered Barrier Systems conducted at 

LANL  (Part III)  

Figure 1. Graph of Si/Al ratio versus Na/(Na + Ca) composition of analcime-wairakite series .............. 262 

Update to Thermodynamic Database Development and Sorption Database 

Integration (Part IV)  

Figure 1.  PhreeqC and FIT4FD non-electrostatic models fits to the data of (Arnold et al., 2000) ......... 281 

Fuel Matrix Degradation Model:  Canister Corrosion and the Effect of 

Hydrogen on Used Fuel Degradation Rates (Part V) 

Figure 1. Conceptual diagram showing the context for the FMDM. ...................................................... 287 

Figure 2. Conceptual diagram showing the context for the FMDM....................................................... 289 

Figure 3. Conceptual diagram showing a generic BWR waste package. ............................................... 290 

Figure 4. Conceptual diagram summarizing the key processes involved in radionucide release 

from a breached used fuel waste package ............................................................................. 291 

Figure 5. Eh ï pH diagrams showing the conditions expected for groundwaters in a reducing 

crystalline rock or argillite repository (from Laaksoharju, et al., 2008) ................................. 291 

Figure 6. Schematic diagram showing the reaction scheme for the FMDM........................................... 292 

Figure 7. Schematic diagram showing the logic for how the steel surface was added to the 

FMDM. ............................................................................................................................... 293 

Figure 8. Used fuel and steel corrosion rates as functions of the concentration of dissolved H2 in 

the common solution. ........................................................................................................... 297 

Figure 9. Results from the FMDM with the newly added steel corrosion module. ................................ 298 

Figure 10. Results from the FMDM with the newly added steel corrosion module, comparing 

predictions with experimental ranges of degradation rates from relevant used fuel and 

simfuel tests ......................................................................................................................... 299 

Figure 11. Hypothetical radionuclide source term for the case with no steel corrosion, that is no 

H2 generation during fuel degradation and a case where carbon steel is corroding 

simultaneously with the used fuel for the first 30,000 years of the run .................................. 300 

Figure 12. Hypothetical radionuclide source terms for the case where carbon steel corrosion 

dominates the first 3,000 years, followed by stainless steel until 40,000 years at which 

point all steel has been consumed. ........................................................................................ 301 

Figure 13. Conceptual flow diagram showing the individual calculations within a single time step 

of the FMDM ...................................................................................................................... 302 

Figure 14. Conceptual diagram showing all of the active process modules in the latest version of 

the FMDM (V.3) and how they are integrated in terms of inputs and outputs with the 

PA model. ............................................................................................................................ 304 

Figure 15. Conceptual diagram highlighting the major objective for FY-2017 in the context of 

integration with the GDSA PA modeling work. .................................................................... 305 

Figure 16. Photograph and schematic diagram of the type of cell used for the electrochemical 

experiments. ........................................................................................................................ 306 



 

xxv 

 

Figure 17. Energy dispersive x-ray analyses of the NMP alloy used in the scoping experimental 

studies (yellow squares). ...................................................................................................... 307 

Figure 18.  Results from scoping electrochemical tests showing the open circuit potentials of the 

Ru56Mo20Rh11Pd11Tc2 (NMP) and pure Pd, Ru and Mo electrodes in 1 mM NaCl 

solution purged with air ....................................................................................................... 308 

Figure 19.  Eh ï pH diagrams for the major constituents of the noble metal particle alloy (NMP) 

present in used fuel. ............................................................................................................. 310 

Addition of Bromide to Radiolysis Model Formulation for Integration with 

the Mixed Potential Model (Part VI) 

Figure 2-1.  Comparison of Full RM and Empirical RM Steady-state conditional G-values at a 

dose rate of 160 rad/s. .......................................................................................................... 317 

Figure 2-2.  Effect of [Brï] on the H2O2 conditional G-values in a ([H2], [O2]) region of 

suppressed H2O2 generation rate with Full RM. .................................................................... 317 

Figure 2-3.  Effect of bromide ([Brï] = 1 µM and [Brï] = 10 µM) on Empirical RM Steady-state 

conditional G-values at a dose rate of 160 rad/s. ................................................................... 319 

Figure 2-4.  Effect of [Brï] on the H2O2 conditional G-values in a ([H2], [O2]) region of 

suppressed H2O2 generation rate with Empirical RM (dashed) and Fill RM (solid). .............. 320 

  



 

xxvi 

 

LIST OF TABLES 

Evaluation of Used Fuel Disposition in Clay-Bearing Rock: Reactive 

Transport and Barrier Interactions in the Near Field Environment ï 

SNL (Part I)  

Table 1  Properties and dimensions of EBS components for the 1D PFLOTRAN simulation. ................... 6 

Table 2  Initial volume fractions inputs for the 1D PFLOTRAN simulations. ........................................... 6 

Table 3  Initial molal concentration of aqueous components for each barrier zone in the 

PFLOTRAN input card. ........................................................................................................... 7 

Table 4  Kinetic rates and specific surface areas of mineral phases. .......................................................... 7 

Argillite Disposal R&D at LBNL (Part II)  

Table 2.1. Parameters used for swelling pressure test (Sánchez et al., 2005) ........................................... 43 

Table 2.2. Parameters used for cyclic wetting-drying tests (Sánchez et al., 2005). .................................. 47 

Table 2.3. Stress paths of the tests, in which a combination of loading paths was applied. Tests 

performed at CIEMAT laboratory. (Lloret et al., 2003) .......................................................... 51 

Table 2.4. Parameters used for combination of loading paths tests (Lloret et al., 2003). .......................... 51 

Table 2.5. Modeling teams, codes and models of DECOVALEX-2015 Task B1 related to the 

Mont Terri HE-E experiment. ................................................................................................ 58 

Table 2.6. Parameters used in the predictive modeling of the Mont Terri HE-E experiment. ................... 70 

Table 2.7. Details on the sequence of construction and installation of the Horonobe EBS 

experiment ............................................................................................................................. 84 

Table 2.8. DECOVALEX research teams and numerical simulators in modeling Horonobe EBS 

experiment ............................................................................................................................. 87 

Table 2.9. Material parameters for modeling Horonobe EBS experiment. .............................................. 88 

Table 3.1. Parameters used for combination of loading paths tests. ....................................................... 118 

Table 3.2. Mineral volume fraction (dimensionless, ratio of the volume for a mineral to the total 

volume of medium) of the Kunigel-VIbentonite, FEBEX bentonite, and Opalinus Clay........ 119 

Table 3.3. Pore-water composition (mol/kg water, except pH) of Kunigel-VI bentonite, FEBEX 

bentonite, and Opalinus Clay ............................................................................................... 120 

Table 3.4. Thermal and hydrodynamic parameters. .............................................................................. 121 

Table 3.5. Kinetic properties for minerals considered in the model (Xu et al., 2006). ............................ 123 

Table 3.6. The geochemically induced swelling stress for Kunigel-VI and FEBEX bentonite at 

points A and B for ñhigh Tò scenario ................................................................................... 128 

Table 3.7. Saturation index (log(Q/K) of some Fe bearing clay minerals at point A at ten thousand 

years for ñhigh Tò case......................................................................................................... 132 

Table 3.8. The geochemically induced swelling stress for FEBEX bentonite with and without 

considering Fe-bentonite interaction at points A and B for ñhigh Tò scenario.. ..................... 134 

Table 4.1. Dimensions for bentonite blocks (ENRESA 2000) .............................................................. 154 

Table 4.2. Thermal and hydrodynamic parameters. .............................................................................. 161 



 

xxvii  

 

Table 4.3. Parameters used for combination of loading paths tests........................................................ 164 

Table 4.4. Mineral volume fraction (dimensionless, ratio of the volume for a mineral to the total 

volume of medium) FEBEX bentonite and granite ............................................................... 165 

Table 4.5. Pore-water composition (mol/kg water except for pH) of FEBEX bentonite and granite....... 166 

Table 4.6. Aqueous complexes and their dissociation constants............................................................ 167 

Table 4.7. Surface protonation reactions on montmorillonite (Bradbury and Baeyens, 2005) ................ 167 

Table 4.8. Cation exchange reactions on montmorillonite and illite (Bradbury and Baeyens, 2005) ...... 167 

Table 4.9.Equilibrium constants for mineral precipitation/dissolution .................................................. 168 

Table 4.10. Kinetic properties for minerals considered in the model (Xu et al., 2006). .......................... 169 

Table 4.11. Timeline of FEBEX in situ test. ......................................................................................... 170 

Table 5.1 Hydrological properties of glass, fracture, and borehole domains. ......................................... 232 

Experimental studies of Engineered Barrier Systems conducted at LANL 

(Part III)  

Table 1 Initial components and reaction conditions for EBS experiments in the presence of 

Opalinus Clay. ..................................................................................................................... 256 

Table 2: Synthetic groundwater chemistry used in the Opalinus Clay experiments ............................... 256 

Update to Thermodynamic Database Development and Sorption Database 

Integration ï LLNL & SNL (Part IV)  

Table 1.  Status of NEA-TDB Activities .............................................................................................. 283 

Fuel Matrix Degradation Model:  Canister Corrosion and the Effect of 

Hydrogen on Used Fuel Degradation Rates ï ANL (Part V)  

Table 1.  Summary of FMDM parameters and data gaps that need to be addressed in future work 

to improve the accuracy of the model. .................................................................................. 295 

Addition of Bromide to Radiolysis Model Formulation for Integration with 

the Mixed Potential Model ï PNNL (Part VI)  

Table 2-1.  Subset of reactions sufficient to represent the primary mechanisms for H2O2 

generation in the full RM. .................................................................................................... 316 

 

  



 

xxviii  

 

ACRONYMS 

1D, 1-D   One Dimensional 

2D, 2-D   Two Dimensional 

3D, 3-D   Three Dimensional 

ANDRA   Agence Nationale pour la Gestion Des Déchets Radioactifs (France) 

ABM   Alternative Buffer Materials 

ANL   Argonne National Laboratory 

BBM   Barcelona Basic Model 

BExM   Barcelona Expansive Model 

CEC   Cation Exchange Capacity 

CFRT   Colloid-Facilitated Radionuclide Transport 

CIEMAT Centro de Investigaciones Energéticas, Medioambientales y 

Tecnológicas (Spain) 

CT Computerized Tomography 

DECOVALEX  DEvelopment of COupled Models and their VALidation against 

  EXperiments 

DFN   Discrete Fracture Network 

DOE   Department of Energy 

DOE-NE   Department of Energy, Office of Nuclear Energy 

DRZ   Disturbed Rock Zone 

DSEF   Disposal Systems Evaluation Framework 

EBS   Engineered Barrier System 

EBS-NS   Engineered Barrier System-Natural System 

EC   European Community 

EDL   Electric Double Layer 

EDS   Energy dispersive X-ray spectroscopy 

EDZ   Excavated Disturbed Zone 

EMP(A)   Electron Microprobe (Analysis) 

ENRESA   Empresa Nacional de Residuos Radioactivos SA 

EoS or EOS Equation of State 

FCRD   Fuel Cycle Research and Development 

FCT   Fuel Cycle Technologies 

FCM   Fracture Continuum Model 



 

xxix 

 

FMDM   Fuel Matrix Degradation Model 

FE   Full-Scale Emplacement Experiment 

FEBEX   Full-scale Engineered Barriers Experiment 

FEBEX-DP  Full-scale Engineered Barriers Experiment-Dismantling Project 

FEP   Features, Events, and Processes 

FTG   Flow Topology Graph 

FY   Fiscal Year 

GDSA   Generic Disposal System Analysis 

GDSA-PA   Generic Disposal System Analysis ï Performance Assessment 

GTS   Grimsel Test Site 

GW  Gigawatt 

GWd  Gigawatt days 

GWd/MT  Gigawatt (thermal) - days per Metric Ton 

HC  Hydrological and Chemical 

HE-E  Half-Scale Heater Test (Mont Terri) 

HLW  High-Level nuclear Waste 

HM  Heavy Metal 

HPLC  High Pressure Liquid Chromatograph 

IAEA  International Atomic Energy Association 

IC   Ion Chromatography 

I-S   Illite-Smectite 

JAEA   Japan Atomic Energy Agency 

JNC   Japan Nuclear Cycle Development Institute 

LANL    Los Alamos National Laboratory 

LBNL   Lawrence Berkeley National Laboratory 

LC   Loading Collapse 

LT   Local Thickness 

LLNL    Lawrence Livermore National Laboratory 

MC   Mechanical-Chemical 

MT  Metric Ton 

MTHM  Metric Tons Heavy Metal 

Micro XR CT Micro X-ray Computer Tomography 



 

xxx 

 

Micro-XRF  Micro X-ray Fluorescence  

NAGRA  National Cooperative for the Disposal of Radioactive Waste 

NBS  Natural Barrier System 

NE  DOE-Nuclear Energy 

NEA   Nuclear Energy Agency 

NIST   National Institute of Standard and Technology 

NMP   Noble Metal Particles 

NS  Natural (Barrier) System 

NW  Nuclear Waste 

OECD  Organization for Economic Co-operation and Development 

P  Pressure 

PA  Performance Assessment 

P-T-t  Pressure-Temperature-Time 

PWR  Pressurized Water Reactor  

QXRD  Quantitative X-ray Diffraction 

R&D  Research and Development 

RBSN   Rigid-Body-Spring Network 

RH   Relative Humidity 

SCM   Surface complexation model 

SEM  Scanning Electron Microscopy 

SIT  Specific Interaction Theory 

SNF  Spent Nuclear Fuel 

SNL  Sandia National Laboratories 

SOAR  State of the Art Report 

SXR-ɛCT  Synchrotron X-ray micro-Computer-Tomography 

T  Temperature 

t  time 

TC  Thermal and Chemical 

TDB  Thermodynamic Database 

TEM  Transmission Electron Microscopy 

TH  Thermal and Hydrological 

THM  Thermal-Hydrological-Mechanical 



 

xxxi 

 

THMC  Thermal-Hydrological-Mechanical-Chemical 

TM  Thermal-Mechanical 

TSPA  Total System Performance Assessment 

UFD  Used Fuel Disposition 

UFDC  Used Fuel Disposition Campaign 

UOX  Uranium Oxide Fuel 

UPC  University of Catalonia 

URL  Underground Research Laboratory 

WP  Waste Package 

XRD  X-ray Diffraction 

XRF  X-ray Fluorescence 

 



 

1 

 

Evaluation of Used Fuel Disposition in Clay-Bearing Rock:  

Reactive Transport and Barrier Interactions in the Near Field 
Environment (Part I) 

 

  



 

2 

 

1. Evaluation of Used Fuel Disposition in Clay-Bearing Rock: Non-Isothermal Reactive-

Transport Modeling of the Near Field Environment 

1.1 Introduction  

The ideal isolation qualities of clay/shale/argillaceous rock formations such as low permeability, 

geochemically reduced, crack/fracture self-healing, sorbtive mineralogy, and wide geological 

occurrence makes these a target media for hosting deep geological disposal of nuclear waste 

(Bianchi et al., 2013, 2014; Gonzales and Johnson, 1984; Hansen et al., 2010; Mazurek et al., 

2003; Neuzil, 2013; Schurr, 1977).  The R&D program from the DOE Used Fuel Disposition 

Campaign (UFDC) has documented advances in coupled Thermal-Hydrological-Mechanical-

Chemical (THMC) modeling of clay to simulate its complex dynamic behavior in response to 

thermal and hydrochemical feedbacks (Jové Colón et al., 2014, 2015 and references therein). 

These modeling efforts leverage on the wide range of investigations on clay barrier materials and 

argillaceous rocks in particular by a number of international repository science programs (e.g., 

URLs) (Hansen et al., 2010).  The DOE Used Fuel Disposition Campaign (UFDC) R&D 

program comprehends a suite of R&D topics aimed at model development and experimental 

work (Jové Colón et al., 2014; Rutqvist et al. 2014, Zheng et al. 2014). The objective is to build 

robust process models in support of high-fidelity performance assessment (PA) calculations of 

disposal concepts for nuclear waste.  Some of the key items in support of the safety assessment 

for disposal in the argillite work package are: 

¶ Experimental and modeling studies on hydrothermal interactions in clay. 

¶ Coupled Thermal-Hydrological-Mechanical-Chemical (THMC) modeling.  

¶ Experiments and model development of sorption and diffusion onto clay. 

¶ Assessment of SNF and canister corrosion. 

¶ Thermodynamic database development and analysis of fluid-mineral interactions on 

barrier materials.   

An initial assessment of a reference case for disposal in argillite is given by Mariner et al. (2015) 

as part of the generic disposal system analysis performance assessment (GDSA-PA).  The overall 

geological characteristics and repository dimensions along with the adopted stratigraphic 

sequences bounding the disposal are shown in Figure 1.  The subsurface repository layout 

consists of horizontal disposal galleries emplaced end-to-end with waste packages in drifts lined 

with cement and/or metal support structures (Mariner et al., 2015).  Numerical simulations in 

that work were conducted using PFLOTRAN with a 3D structured grid having variable spacings. 

The DAKOTA software toolkit is used for sampling, sensitivity analysis, and uncertainty 

quantification. Although this is an important first step in the direction of building up a GDSA-PA 

evaluation of disposal in argillaceous media, geochemical interactions that affect radionuclide 

chemistry and transport, and mineralogical alteration of barrier materials leading to changes in 

porosity/permeability properties still need to be evaluated. The following section describes a 1D 

reactive-transport model in PFLOTRAN focusing on barrier material interactions in the presence 

of SNF heating therefore producing a thermal pulse (see Greenberg and Wen, 2013). Such a 

thermal perturbation can last up to hundreds years therefore influencing barrier chemical 

interactions as well as moisture transport in the near-field. 
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Figure 1.  Schematic representation of the stratigraphy and repository footprint dimensions considered for 

the reference case for disposal in clay/shale/argillite rock (Mariner et al. 2015). 

2. Reactive Transport in the Near-Field Environment 

Jové Colón et al. (2015) described a reactive-transport model to assess geochemical changes of 

pore solutions and mineral components plus variations in porosity.  The objective of this 

simulation efforts is the evaluation of sacrificial zones in the EBS.  A sacrificial zone refers to 

ñbarrier material that has undergone extensive geochemical alteration as a result of exposure to 

high temperaturesò but not necessarily entails the destruction or compromise of the barrier 

isolation capacity at any specific location of the EBS (Jové Colón et al., 2013).  Understanding 

the effects (long- and short-term) of heterogeneous chemical reactions (dissolution/precipitation), 

phase transformation phenomena, and the coupling of these with thermal effects are key to the 

overall barrier isolation performance in the near-field environment.  In particular, chemical 

effects are expected to be intensified at EBS interfaces between dissimilar barrier materials 

inducing changes in the EBS porous properties.  The main goal of the current stage of this work 

is to expand the 1D reactive-transport model to include the thermal perturbation caused by heat-

generating waste along with chemical changes in the near-field.  Within this objective, the goal is 

to also have a stable reactive-transport model with a comprehensive geochemical construct 

operating under such conditions to evaluate key interaction in the EBS.  

As summarized in previous reports (e.g., Jové Colón et al., 2014), studies on EBS materials and 

their performance as a result of interactions with fluids have been conducted to evaluate cement-

clay interactions (Dauzeres et al., 2010; Gaboreau et al., 2012; Sanchez et al., 2006; Savage, 

2011; Trotignon et al., 2006), reactive-transport simulations of multi-barrier EBS concepts 

(Kosakowski and Berner, 2013; Marty et al., 2010; Marty et al., 2009; Montes-H et al., 2005), 

and characterization studies of reactive-diffusion and sorption in clay-bearing barrier materials 

(González Sánchez et al., 2008; Joseph et al., 2011; Joseph et al., 2013; Kozai et al., 2001; 

Kozaki et al., 2001; Van Loon et al., 2003). The UFD international collaboration with the 

FEBEX-DP project has provide the unique opportunity to study shotcrete / bentonite overcore 

samples from this long-term heater test and will be briefly discussed in a later section (Jové 

Colón, 2016).  
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The enhanced dissolution of clay and silicates in general when exposed to highly alkaline pore 

solutions as a result of cement-clay interactions presents a potential issue for repository sealing 

performance (Berner et al., 2013; Gaboreau et al., 2012; Kosakowski and Berner, 2013; Soler, 

2012; Soler and Mader, 2010).  The expected porosity enhancement and reduction (e.g., pore 

clogging) as a result of mineral dissolution and precipitation, respectively, have been evaluated 

in reactive-transport modeling efforts including benchmark test cases for computer code inter-

comparisons (Marty et al., 2015; Xie et al., 2015).  Moreover, EBS interfaces such as those 

defined by clay barriers and interactions with metal (steel) overpack/canister are also critical to 

the assessment waste package breaching given their close proximity to the SNF source and their 

importance to barrier material degradation (Jové Colón et al., 2013; Jové Colón et al., 2014; 

Marty et al., 2010; Wilson et al., 2015).   

The main goal of this reactive-transport work is to build a non-isothermal 1D model 

representation of multilayered EBS capturing the complexity of geochemical interactions 

between various types of barrier materials and pore solutions with diffusive transport.  A thermal 

source defined by the heat-generating waste is set to produce peak temperatures above 100°C on 

the canister surface.  The chemical aspect of the model is to comprehensively capture the mineral 

composition of each barrier ñlayerò or zone as well as the pore solution chemistry. The code 

PFLOTRAN has been selected as the simulation platform for GDSA PA in the evaluation of 

disposal concepts (Mariner et al. 2015). The 1D reactive-transport model in PFLOTRAN 

exploits high performance computing (HPC) capabilities to ease simulation times thus allowing 

for rapid analysis of key input and output variables. Code run stability was an issue due to the 

rapid rise in temperatures and the reactive-transport part of the simulation.   

2.1 1D Reactive-Transport Model Description of the EBS 

The PFLOTRAN simulation tool is an open source, state-of-the-art massively parallel subsurface 

flow and reactive transport code with extensive modeling capabilities of THC processes 

(Lichtner et al., 2013).  A major feature of PFLOTRAN is its performance on massively parallel 

or high performance computing (HPC) platforms where efficient scalability becomes important 

for large coupled process problems that otherwise could present a computational limitation in 

other simulation codes.  Parallelization is achieved through domain decomposition using the 

PETSc (Portable Extensible Toolkit for Scientific Computation) libraries.  Lichtner et al. (2013) 

provides details on PFLOTRAN simulation capabilities, reactive-transport formulations, and 

geochemical treatment of mineral-fluid interactions.  

The 1D simulation case is similar to that described by Jové Colón et al. (2015) as depicted in 

Figure 2 but using the TH mode in PFLOTRAN.  Some of the differences are in pore solution 

chemistry and geochemical constraints. The 1D structured grid has a cylindrical symmetry with 

1000 grid cells in the horizontal direction covering a total near-field domain of 13 meters.  The 

dimensional characteristics of each zone (also given in Figure 2) represent barrier thicknesses for 

the EBS concept proposed for the argillite reference case in Jové Colón et al. (2014). All zones 

are assumed to be fully saturated with a heating zone defined at the canister surface.  Table 1 list 

some of the thermal and transport properties of each zone.  Tables 2 and 4 provide the mineral 

volume fractions and initial pore solution chemical composition, respectively, for each barrier 

material zone.  Three types of initial pore water chemistries for the cement liner, clay barrier, and 

clay-rock zones were considered: (a) dilute alkaline pH water (cement liner), (b) ñFEBEX-likeò 

pore water as described by Fernandez et al. (2001, 2004) (inner- and outer-clay), and (c) clay-

rock pore water based on the work by Turrero et al. (2006). Some minor changes to the water 

Commented [JCF1]: Check tables to match current water 
chemistries 
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chemistry were considered to evaluate issues with code run stability during the heating.  The 

H4SiO4(aq) concentration in the inner clay zone is assumed to be in equilibrium with quartz 

given that 14% volume fraction of this mineral is present in this zone.  The FEBEX pore water 

composition is considered nominal for bentonite pore waters reported in the literature.  The clay 

rock pore water chemistry is based on the work of Turrero et al. (2006) for Opalinus Clay.  Pore 

water compositions in the cement zone are mainly controlled by equilibria with respect to the 

calcite aggregate and the presence of CSH(1.6) and portlandite plus other cementitous phases. 

Although uraninite as a waste form source term is part of the EBS solid phase assemblage, the 

current simulations do not consider the constibutions of this phase to the solution chemistry.  

Future simulations will probe waste form and canister material interactions. 

Canister material is currently represented in the model by Fe metal, similar to other reactive 

transport studies (Marty et al. 2010; Wilson et al. 2015).  However, there are differences in the 

treatment of steel corrosion usually represented by an anaerobic corrosion reaction given by 

(Marty et al. 2010; Wilson et al., 2015): 

  Fē  + 2H2O = Fe++ + H2(g) + 2OH-     

A similar reaction is adopted for the ñFe(element)ò phase in the THERMODDEM 

thermodynamic database representing the steel material in this work: 

  Fē  + 2H+ + 1/2O2(aq) = Fe++ + H2O    

As expected, the above reaction results in an increase in pH due to H+ consumption where H2(g) 

is controlled by the equilibria with other relevant species such as O2(aq), O2(g), and H2(aq).  The 

current simulations show large reactivity, as expected, with a sharp increase in pH.  At this 

moment, the reaction product for steel corrosion considered in the PFLOTRAN reactive-

transport simulations is magnetite, goethite, and berthierine. Other phases like cronstedtite along 

with berthierine have been considered to investigate the predominant alteration phase 

assemblage but resulting in small precipitated volume fractions. Future work will focus on other 

Fe-bearing phases (oxides and silicates), however, lack of thermodynamic data at elevated 

temperatrures may be an obstacle for this assessment.  Given the importance of these interactions 

to waste package degradation, future work will look at this issue in more detail to advance an 

adequate set of reaction products that include Fe oxy-hydroxides and Fe-bearing Al-silicates 

(e.g., Fe-clays). For example, the hydrothermal clay/stainless-steel experiments conducted by 

Cheshire et al. (2016, in preparation) described the formation of a chromite (FeCr2O4) 

passivation layer along with the minor formation of pentlandite ((Ni,Fe)9S8) and millerite (NiS)).  

The presence of these S-bearing phases indicates the strong effect of the sulfide component in 

the alteration phase assemblage and potentially on corrosion mechanisms.  This is somewhat 

similar to the case of copper corrosion and the formation of chalcocite (Cu2S; see Part III of this 

report).  Another important issue in waste canister corrosion is the fate of H2(g) and its impact on 

O2 fluxes as result of aqueous chemical reactions and fluid transport at the clay-metal interface. 

This was noted by Wilson et al. (2015) whereby H2(g) being not well constrained in reactive-

transport model scenarios it thus imposes important uncertainties in the chemical interactions at 

the clay-metal interface. 
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Table 1  Properties and dimensions of EBS components for the 1D PFLOTRAN simulation. 

  
Thickness 

(m) 

Porosity 

(-) 

Permeability 

(m2) 

Tortuosity 

(-) 

Particle  

Density 

(kg/m3) 

Thermal 

Conductivity 

(Dry) (W/m K) 

Remarks 

Waste Form 0.475 0.3 1.0E-22 0.3 8720 11 Assumed to be inert 

Metal Canister 0.1 0.001 1.0E-22 0.001 7850 46 Stainless steel overpack 

Inner-Clay 

Barrier 
1.24 0.3 1.0E-17 0.3 2700 1.7 Bentonite + Quartz 

Outer-Clay 

Barrier 
1.24 0.2 1.0E-20 0.2 2700 1.3  Bentonite 

Cement Liner 0.75 0.15 1.0E-17 0.15 2700 1.7 Cement + aggregate 

Clay Rock 9.2 0.12 5.0E-20 0.12 2700 1.7 
Based on argillite 

properties 

 

Table 2  Initial volume fractions inputs for the 1D PFLOTRAN simulations. 

 
Smectite 

(MX80) 

Illite  

(IMt2) 

Quartz 

(alpha) 
Uraninite 

Fe 

(element) 
Pyrite Calcite Siderite CSH(1.6) Portlandite Ettringite 

Monosulfo 

aluminate 
Gypsum Remarks 

Waste 

Form 
- - - 0.7 - - - - - - - - - 

Assumed to  

be inert 

Metal 

Canister 
- - - - 0.999 - - - - - - - - 

Fe metal in 

the model 

Inner-Clay 

Barrier 
0.55 - 0.14 - - 0.004 0.003 - - - - - 0.003 

Bentonite + 

Quartz 

Outer-Clay 

Barrier 
0.79 - - - - 0.004 0.003 - - - - - 0.003 Bentonite 

Cement 

Liner 
- - - - - - 0.693 - 0.06 0.062 0.033 0.002 - 

Cement + 

calcite 

aggregate 

Clay Rock 0.06 0.43 0.24 - - 0.01 0.139 0.001 - - - - - 
Opalinus 

clay rock 
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Table 3  Initial molal concentration of aqueous components for each barrier zone in the PFLOTRAN input card. 

  Na+ K+ Ca++ Mg++ H4SiO4(aq) Al+++ Fe++ U++++ Cl- SO4
-- HCO3

- pH Remarks 

Waste Form 1.0E-07 1.0E-08 1.0E-07 1.0E-07 5.0E-06 6.0E-08 5.0E-15 trace 1.0E-07 1.0E-07 1.0E-05 7.51 Assumed to be inert 

Metal Canister 1.0E-07 1.0E-08 1.0E-07 1.0E-07 5.0E-06 6.0E-07 5.0E-05 trace 1.0E-07 1.0E-07 1.0E-05 7.51 Stainless steel overpack 

Inner-Clay 

Barrier 
1.3E-01 1.7E-03 2.2E-02 2.30E-02 1.1E-04 6.0E-07 5.0E-06 trace 1.6E-01 1.0E-05 4.1E-04 7.72 

FEBEX pore water;. 

H4SiO4(aq) in equilibrium 

with Quartz 

Outer-Clay 

Barrier 
1.3E-01 1.7E-03 2.2E-02 2.30E-02 1.1E-04 6.0E-07 5.0E-07 trace 1.6E-01 1.0E-05 4.1E-04 7.72 

FEBEX pore water; Ca++ in 

equilibrium with calcite 

Cement Liner 1.0E-05 1.0E-08 
2.0E-

03(a) 
1.0E-04 6.0E-03 6.0E-07 5.0E-07 trace 1.0E-05 1.0E-09 1.0E-07(b) 11.2 Cement + calcite aggregate 

Clay Rock 0.261 0.0027 0.0201 0.0165 2.95E-04 6E-07 2.3E-05 trace 0.332 1.0E-07 1.0E-06 7.6 

Based on Turrero et al. 

(2006) for Opalinus Clay 

pore water 
(a) Constrained by equilibrium with respect to CSH(1.6). (b)  Constrained by equilibrium with respect to calcite. FEBEX pore water major ion composition after Fernandez et al. (2001). 

 

Table 4  Kinetic rates and specific surface areas of mineral phases (see text). 

Mineral Phase 
Dissolution Rate 

(mol/ m2 s) 

Specific  

Surface Area  

(m2/m3) 

Source Remarks 

Smectite(MX80) 8.0E-14 1 Marty et al. (2009) - 

Illite(IMt2)  1.585E-15 1 Köhler et al. (2003) pH~7 

Quartz(alpha) 1.99E-14 1 Rimstidt and Barnes (1980) - 

Uraninite - 1 - Assumed unreactive  

Fe(element) 2.232E-12 1 Marty et al. (2010) Rate constant for steel 

Pyrite 2.884E-11 1 Williamson and Rimstidt (1994) 
pH~7.5; 7.24E-7 molal  

dissolved oxygen 

Calcite 1.778E-05 1 Pokrovsky et al. (2009) - 

Siderite 1.007E-09 1 Golubev et al. (2009) pH~7 

CSH(1.6) 2.75E-12 1 Baur et al. (2004) pH range 11-12 

Portlandite 5E-04 1 Giles et al. (1993) Transport-independent rate  

Ettringite 1.12E-12 
1; 5E-04 (Arg.); 

1E-02 (Cem.) 
Baur et al. (2004) 

Unity surface areas for all phases 

Except for cement (cem.) and clay 

rock (Arg.) ï see text 

Monosulfoaluminate 1.12E-12 1 - Sames as ettringite 

Gypsum 1.3d-3 1 Jeschke et al. (2001) - 
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Diffusive transport in bentonite is still a subject of debate given the influence of clay interlayers 

and the description of porosity particularly in the compacted state (Wersin et al. 2015).  For this 

reason, a much simpler form of diffusive flux is adopted focusing on assessing the thermal effect 

on reactive-transport. In these simulations, the diffusive flux in PFLOTRAN is then defined 

according to porosity, saturation, reference diffusivity, and tortuosity (Lichtner et al., 2013): 

iF SD Cf t=- Ð    (1) 

where iF  is the diffusive flux of the solute constituent i, f stands for porosity, S  refers to 

saturation, t represents tortuosity, D denotes the diffusion/dispersion coefficient, and C 

symbolizes solute concentration.  Tortuosity in each zone is assumed to be equal to porosity 

following Archieôs Law with the exponent n = 2.  Boudreau (1996) compared tortuosity-porosity 

data for sedimentary environments along with formulations to represent tortuosity-porosity 

relations including Archieôs Law.  Considering the scatter in the data, Boudreau (1996) found 

that Archieôs Law with n = 2.14 provides a reasonable description of this tortuosity-porosity 

relation.  All media domains are fully saturated.  The diffusion coefficient is set to 2.0 E-13 m2/s 

to be consistent with the range of effective diffusion coefficient values adopted in the study of 

Kosakowski and Berner (2013).  Although this value may seem to be on the lower end, 

diffusivities for compacted clay-rich barrier material and clay rock can be as low as 10-13 m2/s. 

Sensitvity analyses on diffusion coefficients up to ~10-12 m2/s resulted in stable code runs with 

the current inputs and material buildup.  Porosities are updated in the simulations according to 

the volume fraction of minerals and their dissolution/precipitation rates.   

 

Figure 2.  Schematic representation and dimensional characteristics of the 1D reactive-transport 

simulation domain including the EBS and argillite rock.  Interactions with waste are not considered in this 

study. Green dots indicate observation points of code run data outputs presented in subsequent figures. 

Mineral volume fractions of reactant minerals (Table 2) were defined consistent with porosities 

listed in Table 1.  The specific surface areas of all constituent minerals are all set to unity except 

for ettringite in the cement and clay rock phases.  The reason for treating specific surfaces areas 

differently for ettringite has to do with simulation stability during heating. Assuming unity 

surface areas as a modeling assumption deviates from other reactive-transport modeling studies 

but it allows for simpler evaluation of simulation outputs.  PFLOTRAN updates surface area of 

minerals as a result of mineral dissolution and precipitation.  This is captured in the code runs by 

changes in mineral volume fractions and hence porosity. Other modeling studies such as that of 

Marty et al. (2009) evaluated modeling sensitivities to specific surface areas.  Given the range of 

surface areas adopted in reactive-transport simulation studies, it appears that these are mostly 

based on modeler choice built on literature values or estimates of specific and/or geometric 

mineral surface areas.  
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Sensitivity analyses were conducted with regards to specific surface areas of pyrite given its 

strong effect on pH.  These sensitivities were also analyzed for ettringite in the cement liner and 

clay rock zones due to stability issues on simulation during the heating period. In the FEBEX 

pore water cases, specific surface areas were set in the order of ~10-3 to reduce the effects on pH 

which can be significant even when using relatively small pyrite volume fractions.  According to 

Cheshire et al. (2014), the drop in pH as a result of pyrite decomposition is ~2 pH units based on 

clay hydrothermal experiments.  In the cases for the FEBEX pore water chemistry, the drop in 

pH was observed but of lesser magnitude than in the diluted pore water case. 

Thermodynamic data for all mineral phases were obtained from the THERMODDEM database 

(Blanc et al., 2012; Blanc et al., 2006).  This database contains a comprehensive set of relevant 

mineral solids and aqueous species such as smectite (MX-80) and illite (IMt2) clays among other 

silicates.  Many datasets contain logK for reactions extrapolated to elevated temperatures which 

is appropriate for these simulations.  Its development is borne out from the traceability 

requirements demanded by rigorous assessment of data to be used in (geo)chemical modeling of 

radioactive waste and engineered barrier materials. THERMODDEM also contains a 

comprehensive set of solid phases relevant to cementitious materials such as CSH(1.6), 

portlandite, and ettringite among others. The cement liner composition considered in these 

simulations approximates that of ordinary Portland cement (OPC) with ~70% volume of calcite 

aggregate (see Table 2).   

The PFLOTRAN simulations were conducted in TH mode (coupled thermal-hydrological flow) 

assuming full saturation. The non-isothermal simulations were conducted using a SNF decay 

heat data based on the thermal analysis approach by Greenberg et al. (2013).  The decay heat 

curve is inititally based on 12 UOX PWR assemblies with a 50-year storage.  The resulting 

temperatures in the thermal profile were scaled down to produce reasonable peak temperatures 

above 100°C without compromising code run stability.  The thermal scale-down was done as to 

retain the overall shape of the thermal profile.  The heating period after 50 years generating a 

sharp increase in temperature up to ~125°C with a slow decrease afterwards then approaching 

near-ambient temperatures within a period of several hundreds of years (Figure 3).  The sharp 

increase in temperature resulted in code stability problems due to convergence issues.  Many 

attempts to surpass peak temperatures above ~125°C failed and this limitation will be 

investigated further in FY17 since much higher temperatures at the canister surface need to be 

investigated.  Figure 3 show the temperature profiles at different observation points (Figure 2) 

from the waste canister surface to the interface between cement liner and clay rock.   

Dissolution rates of mineral solids are listed in Table 4.  A linear dissolution rate law without 

temperature dependency is assumed for simplicity.  Adding activation energies for the full set of 

minerals is being considered in future simulations.  Several simulations specifying activations 

energies of few phases were performed with minimal effects on code run stability.  Although the 

assumption of ignoring temperature dependencies adds to the simulation uncertainty, adding ill-

constrained values to a rate law would also result in uncertain results. It should be noted that 

activation energies for some silicate and oxide phases can be estimated within reasonable bounds 

but this is not the case for certain types of clay or cementitious phases.  It is assumed that 

precipitation rates are the reverse of dissolution rates given the very limited kinetic data 

available. This is consistent with the PFLOTRAN implementation of transition-state theory 

(TST) where the equilibrium constant can be defined as the ratio of backward and forward rates. 
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The dissolution rate for pyrite is obtained from Williamson and Rimstidt (1994) for a near-

neutral pH 7.5.  The smectite (MX-80) dissolution rate is taken from Marty et al. (2009) and itôs 

based on the work of Amram and Ganor (2005), Huertas et al. (2001), and Golubev et al. (2006).  

The illite dissolution rate for pH~7 is from the experimental work of Kohler et al. (2003).  The 

aqueous dissolution rate for magnetite is obtained from the electrochemical work of White et al. 

(1994) at pH 7.  Dissolution rates for calcite and siderite were obtained from the studies of 

Pokrovsky et al. (2009) and Golubev et al. (2009), respectively.   

The dissolution rate of the CSH phases was obtained from Baur et al. (2004) for pH 11-12.  

Dissolution rates for ettringite is based on the rates given for ettringite-Ca(2) in Baur et al. 

(2004). The dissolution rate tobermorite(11) is assumed to be equal to that of ettringite. The 

dissolution rate of portlandite was obtained from Giles et al. (1993).  This rate was retrieved 

from spinning disk dissolution experiments for the "reaction-controlled" or transport-

independent rate.  The portlandite dissolution rate obtained from this study is orders of 

magnitude faster than that adopted by Marty et al. (2009).  Itôs also more realistic for a pure 

portlandite phase since the spinning disk methodology provides insight into transport effects on 

dissolution rates which in this case are attributed to Ca diffusion through the interface (Giles et 

al., 1993).  The dissolution rate of gypsum was taken from the study by Jeschke et al. (2001).  

Simulations were conducted up to time lengths of 1,000, 5,000, 10,000, and 20,000 years.  Due 

to the length of the simulations, only results of up to 15,000 years are considered even with the 

use multiple processors.  Observation points were located at the center of each zone and at 

interfaces between EBS material domains. 

2.2 Results and Discussion 

The code simulations results in the first 50 years consistent with isothermal ambient temperature 

interactions reported in Jové Colón et al. (2015) which include (1) rapid increase in pH and 

H4SiO4(aq) concentration in pore water is observed at the interfaces between cement and outer-

clay buffer, and between cement and clay rock; and (2) effects on aqueous speciation by the 

thermal pulse (after 50 years) imposing sharp changes in the computed pore solution chemistry. 

This is evidenced by the combined effects on pH, aqueous speciation, and mineral precipitation 

(e.g., gypsum and anhydrite).   

At the onset of heating (50 years), the rapid increase in temperature reaches a peak of 125°C 

(~100 years) and a slower decay afterwards (Figure 3).  At this stage, the largest porosity 

changes occur at the cement ï outer-clay interface with a small decrease after the peak porosity 

increment.  The outer-clay center region experiences similar changes in porosity.  The relative 

porosity enhancement at the outer-clay ï cement liner interface is due to the gypsum to anhydrite 

dehydration. On the other hand, the cement ï clay rock interface doesnôt indicate this type of 

porosity changes (Figure 5). The reason for this dissimilar porosity behavior is related to 

different pore solution chemistries where depletion of Ca and SO4 in clay rock pore water 

doesnôt lead to gypsum-anhydrite formation. The FEBEX bentonite contains ~92% Ca-bearing 

smectite with pore solutions having higher concentrations of Ca and SO4 than those of the clay 

rock. SO4
-- concentration in the cement region needed to be inititally constrained in equilibrium 

with respect to gypsum for code run stability reasons. As shown in Figure 4, The Ca++ 

concentrations drop consistently for inner- and outer-clay center regions as well as the interface 

of cement liner interfaces with outer-clay and clay rock regions. In the case of cement liner 

interfacial regions, this is due gypsum precipitation. Figure 4 also shows the SO4
-- concetration 

profiles mapping a similar relationship in the same regions. 
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The captured phase transformation reactions in this rapid temperature increase is important for 

thermally-driven hydration-dehydration reactions that can contribute to significant changes in 

permeability/porosity.  This is reflected by a rapid drop in gypsum and the near-simultaneous 

increase in anhydrite volume fractions (Figure 6a).  This transformation occurs at a temperature 

of ~44°C where the overall dehydration reaction produces a slight increase in porosity (Figure 

5b). As mentioned previously, simulation stability during the heat pulse was also affected by the 

formation of ettringite at the cement liner interface regions.  Ettringite formation is consistent 

with the reaction of CaSO4 phases in the presence of Ca and Al as described in the cement 

literature. This outlines the importance of Ca-SO4 and their equilibria in reactive systems 

particularly at elevated temperatures. Stable simulations were attained by reducing specific 

surface areas for enttringite. Also, sensitivity analyses with respect to the inclusion/suppression 

of other cementitious phases were conducted to search for additional dependencies on cement 

phase assemblage and code run stability.   

Porosity reduction as a result of gypsum formation is observed with the temperature decrease in 

the outer-clay ï cement interface and the outer-clay center regions. The timing of such changes 

differ due to their spatial locations with respect to temperature.  Overall, the volume fractions of 

precipitated minerals were too small as to generate any significant reduction in porosity.  The 

volume difference between gypsum and anhydrite is ~60% which can be significant depending 

on the relative amount of these phases, particularly when they are common to cementitious 

materials.  These volume changes can induce mechanical effects where hydration/dehydration 

reactions can also influence H2O transport in the EBS.  Future work will assess the aspect of 

porosity changes in more detail from the standpoint of the chemical contributions due to 

dissolution/precipitation and hydration/dehydration reactions. 

 

Figure 3.  Profile of temperature vs. time (up to 1,000 years) for the reactive transport calculations of the 

multi-layered EBS.  The number triplet in the second set parentheses in the legend refers to the 
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observation location (x, y, z) distances starting from the waste leftmost coordinate. A 50-year storage time 

prior to the thermal load.   

 

 

Figure 4.  Ca++ and SO4
-- concentration profiles as a function of time for various regions. Notice the effect 

of the heat pulse in the time range after 50 years. 

 

Commented [JCF2]:  
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Figure 5.  Profile of porosity vs. time of the reactive transport calculations for the multi-layered EBS at 

the identified observation points:  (a) shows the longest simulation time period up to 15,000 years; (b) 

shows an enlarged view (up to 2,000 years) to outline the largest change in porosity. Porosity 

increase/decrease is more marked at the interfaces but their overall magnitude is relatively minimal in 

these simulations (see text). 

(a) 

(b) 
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Figure 6.  Volume fraction of gypsum, anhydrite, portlandite, and attringite at different time ranges.   

  






















































































































































































































































































































































































































































































































































































































































































































































